Methods: Using four different cell lines-human neuroblastoma BE(2)-C and SH-SY5Y, human Schwann cell (HSC), and rat Schwann cell (RSC) RT4-D6P2T-we assessed the effect of BDNF application on the activation of the JAK/STAT pathway. We also assessed the time response of JAK/STAT pathway activation in RSCs and HSCs after BDNF treatment. We then assayed cytokine release from HSCs as a response to BDNF treatment using oncostatin M and IL6 as markers.
Introduction
Schwann cells are essential for the maintenance of integrity and function of peripheral nerves. Schwann cells create a microenvironment of cell-adhesion molecules, extracellular matrix proteins, and neurotrophins that support neurons (1). Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family. It promotes neuronal survival and neurite outgrowth, prevents neuronal death. BDNF functions through interaction with tropomyosin-related kinase B (TrkB) and pan-neurotrophin 75 (p75) receptors, thereby activating ras/MEK, PI-3, ERK, PKA, and PLCγ/ PKC pathways (2) .
During radical prostatectomy (RP) injury to the cavernous nerves (CNs) that run along the posterolateral aspect of the prostate may occur. This carries the significant risk of postoperative erectile dysfunction (ED) in 60.8-93% of patients (3) . Nerve injury can occur despite the development of the nervesparing approach, which is still associated with an approximate 20% risk of ED at 24 months (4). This is likely due to neurapraxia from CN injury secondary to stretching, heating, or direct injury, which result in Wallerian degeneration (5) . During neurapraxia, CN nitric oxide (NO)-releasing fibers cease to produce NO, resulting in smooth muscle apoptosis and cavernosal fibrosis (6) . Despite this pathophysiologic mechanism for post-prostatectomy ED, phosphodiesterase-5 inhibitors are frequently used for penile rehabilitations after RP but with limited effectiveness as they work downstream of the NO pathway (6) .
Therefore, other therapeutic strategies are needed to enhance nerve regeneration after prostatectomy. Although the ability of nerves to regenerate after RP is somewhat limited, evidence suggests that recovery of erectile function after RP depends on re-sprouting of axonal fibers from intact neurons (7) . Factors enhancing nerve regeneration include immunophilin ligands, hormones, growth factors, stem cells, and neurotrophins (8, 9) .
Using an established CN crush injury rat model, we previously demonstrated that BDNF enhances the recovery of erectile function, acts synergistically with the vascular endothelial growth factor (VEGF), and regenerates neuronal oxide synthase (nNOS)-containing nerve fibers (10, 11) . We also developed a culture system of the dorsalcaudal region of the major pelvic ganglion (DCR-MPG), which is an effective and inexpensive in vitro culture system for studying the effect of growth factors and neurite sprouting of the MPG and proximal CN segment. Through using this culture system; we confirmed that the neurite growth-enhancing effect of BDNF occurs primarily through the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) molecular pathway. In addition, we identified the phosphorylation patterns of JAK2, STAT1, and STAT3, while p75, TrkB, and TrkC receptors co-localized to the DCR-MPG (12, 13) . More recently, we showed the upregulation of BDNF and activation of the JAK/STAT pathway in MPG following CN injury in rat models (14) . However, the cell type response to BNDF treatment for JAK/STAT activation in MPG is not well understood.
In this article, we hypothesize that BDNF activates the JAK/STAT pathway in Schwann cells, not neurons, resulting in secretion of cytokines (such as IL-6 and OSM-M) that facilitate axonal regeneration. IL6 and OSM are known inflammatory cytokines that are secreted by Schwann cells and are involved in nerve regeneration. They are considered markers for nerve regeneration (15) (16) (17) . Hirota et al. showed an accelerated regeneration of axotomized nerves in mice overexpressing IL6 and IL6 receptor (18) .
Materials and methods

Cell lines and reagents
Four cell lines were all purchased from American Type Culture Collection (ATCC, Manassas, VA, USA), including human neuroblastoma BE(2)-C and SH-SY5Y, rat Schwann cell (RSC) RT4-D6P2T, and human Schwann cell (HSC) from ScienCell Research Lab (San Diego, CA, USA). Following the manual, the cell culture medium and related reagents were used, and all were purchased from the cell culture facility at University of California, San Francisco. Recombinant human BDNF was purchased from R&D systems Inc. (Minneapolis, MN, USA) and used for the treatment. S100, p75 antibodies (Chemicon, Inc., Temecula, CA, USA) and secondary antibody FITC-conjugated goat anti-mouse IgG (Chemicon, Inc., Temecula, CA, USA) were used for immunofluorescence staining. Beta-actin, JAK2, phospho-JAK2 (Chemicon, Inc., Temecula, CA, USA), STAT1, phospho-STAT1, STAT3, and phospho-STAT3 (BD Biosciences, CA, USA) antibodies were used for immunoblot. The reagents in ECL kit (Amersham Life Sciences Inc., Arlington Heights, IL, USA) were used as substrate for all the immunoblotting. OSM-M and IL-6 enzyme linked immunosorbent assay (ELISA) kit (R&D systems Inc., Minneapolis, MN, USA) were applied to assay the secretion of cytokine from Schwann cells.
Cell culture and treatments
Human neuroblastoma, HSCs, and RSCs were cultured in RPMI-1640/F12 medium with 4.5 g/L glucose, 10 mM HEPES, 1 mM sodium pyruvate, supplemented with 10% FBS in a 5% CO 2 atmosphere at 37 ℃. Human recombinant BDNF was used to treat the cells in order to assess the JAK/STAT pathway. To assay the effects of BDNF on the activation of JAK/STAT pathway, different doses of BDNF were applied to treat BE(2)-C, SH-SY5Y and RT4-D6P2T. Dosage response was accomplished by treating cells with 0, 1, 10, and 100 pM BDNF for 30 minutes. Time response was also accomplished by treating cells with 100 pM BDNF at 0 minute, 10 minutes, 30 minutes, 1 hr, 2 hr and 24 hr for RT4-D6P2T, and at 0 minute, 10 minutes, 30 minutes, 1 hr, 2 hr, 24 hr and 48 hr for HSC. For the cytokine assay experiments, HSC were treated with 100 pM or 25 nM BDNF in serum free RPMI-1640/F12 medium for 0 minute, 10 minutes, 30 minutes, 1 hr, 2 hr, 24 hr, 48 hr and 72 hr.
Western blotting
The BDNF treated BE(2)-C, SH-SY5Y, RT4-D6P2T and HSCs were homogenized in lysis buffer containing 1% IGEPAL, 0.5% sodium deoxycholate, 0.1% SDS, 0.1 mM Na 3 VO 4 , aprotinin (10 μg/mL) and leupeptin (10 μg/mL). The homogenate was centrifuged at 14,000 g for 10 minutes, and the supernatant was recovered as protein sample, which was measured for protein concentration by the BCA method (Pierce Chemical Company, Rockford, IL, USA) and analyzed by western blotting as previously described. The primary antibodies used in these experiments were anti-JAK2 (1:500), anti-phospho-JAK2 (1:200) (Chemicon, Inc., Temecula, CA, USA), anti-STAT1 (1:500), anti-phospho-STAT1 (1:500), anti-STAT3 (1:500), and anti-phospho-STAT3 (1:500) (BD Biosciences, CA, USA). The same membrane was probed with an antibody against the phosphorylated form of JAK2, STAT1, or STAT3, then with the antibody against the non-phosphorylated form (e.g., anti-phospho-JAK2, then anti-JAK2). Before re-probing, the membrane was stripped in 62.5 mM Tris-HCl, pH 6.7, 2% SDS, 10 mM 2-mercaptoethanol at 55 ℃ for 30 min and then washed 4 times in 1× TBS. Detection of reactive proteins on the membrane was performed with the ECL kit (Amersham Life Sciences Inc., Arlington Heights, IL, USA), followed by exposure to X-ray films. The resulting image was analyzed with ChemiImager 4000 to determine the integrated density value (IDV) of each protein band.
Enzyme linked immunosorbent assay (ELISA) for oncostatin M
Oncostatin M ELISAs (R&D Systems, Minneapolis, MN, USA) were done according to the manufacturer's protocol. The absorbance was recorded using a microplate reader (Bio-Rad, Hercules, CA, USA) at 450-nm wavelength. Briefly, plate preparation was completed by coating the 96-well microplate with 100 μL diluted Capture Antibody per well. After completely washing with the wash buffer, the plate was blocked with 300 μL of Reagent Diluent for each well for 1 hr at room temperature. One hundred micro liter samples or standards were added in each well and incubated for 2 hr at room temperature followed by another 2 hr incubation of 100 μL detection antibody. The signal was developed by adding 100 μL Streptavidin-HRP and a tetramethyl benzidine (TMB) solution served as the substrate for the reaction. Activity of the enzyme was stopped by 1 M phosphoric acid and absorbance was measured at 450 nm on the microplate reader. Three independent experiments were done for each experiment. The SDs were calculated and error bars represent ± SD.
Enzyme linked immunosorbent assay (ELISA) for IL6
IL6 was measured by using a commercially available ELISA (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. The kits contained the microtitration plate with adsorbed conjugate of the mouse monoclonal antibody against determined antigens and nonspecific horseradish peroxidase. Every plate contained a doublet of seven standards for construction of the calibration curve and blank, and the pH of the washing phosphate-buffered saline (PBS) solution with 1% Tween 20 was adjusted to 7.4. A TMB solution served as the substrate for the reaction. Activity of the enzyme was stopped by 1 M phosphoric acid and absorbance was measured at 450 nm. Three independent experiments were done. The SDs were calculated and error bars represent ± SD.
Immunofluorescence staining
The HSCs and RSCs RT4-D6P2T were cultured on glass cover slides in 6-well cell culture dishes. Cells were fixed with ice-cold methanol for 8 min, permeabilized with 0.05% Triton X-100 for 5 min, and blocked with 5% normal horse serum in PBS for 1 h at room temperature. The cells were then incubated with the primary antibody anti-S-100 (1:500) and anti-p75 (1:500) for 1 hr at room temperature. After washing with PBS three times, the cells were incubated with the secondary antibody FITC-conjugated goat anti-mouse IgG (1:500, Chemicon, Inc., Temecula, CA, USA) for 1 hr at room temperature. After another three washes with PBS, the cells were further counter stained with 4',6-diamidino-2-phenylindole (DAPI, for nuclear staining) for 5 min and viewed under fluorescence microscope.
Statistical analysis
The results were analyzed using GraphPad Prism (v5) software (GraphPad Software, La Jolla, CA, USA) and expressed as mean ± standard error of the mean. Multiple groups were compared using one-way analysis of variance (ANOVA) followed by the Tukey-Kramer test for post hoc comparisons to analyze the effect of BDNF on the activation of JAK/STAT pathway and secretion of cytokines.
Results
BDNF activates JAK/STAT signal pathway directly in Schwann cell
To validate the Schwann cell, the specific cellular markers S100 and p75 were checked by immunofluorescence staining in HSCs and RSCs RT4-D6P2T cells. The result indicated that both those cells expressed S100 and p75 in the cytoplasm, although the expression level and location are different. The HSCs expressed more S100 and p75, while the RSCs RT4-D6P2T shaped as small spindle-like cells and expressed peri-nucleus S100 ( Figure 1A) .
The JAK/STAT pathway, an important cellular signaling transduction pathway in controlling neurite regeneration, is expressed extensively in human neuroblastoma BE(2)-C and SH-SY5Y and RSCs RT4-D6P2T (Figure 1) . In our previous experiments, it has been determined that BDNF play a critical role in peripheral nerve regeneration after injury, and acts through the JAK/STAT pathway (12, 13) . To elicit the mechanism underlying this phenomenon, different doses of BDNF were applied to treat BE(2)-C, SH-SY5Y, and RT4-D6P2T (0, 1, 10, and 100 pM) for 30 minutes. The phosphorylation of STAT3 at Tyr705 and STAT1 at Tyr701 were extensively enhanced by BDNF at a dose of (100 pM) in rat Schwan cells RT4-D6P2T (* P<0.01), while the activation level of JAK/STAT did not change in the same conditions in human neuroblastoma cell lines BE(2)-C and SH-SY5Y. The activation of STAT3 and STAT1 occurred within 30 minutes from the treatment of RT4-D6P2T with BDNF; this implies that BDNF directly induced the phosphorylation of STAT3 at Tyr705 and STAT1 at Tyr701.
JAK/STAT activation in RT4-D6P2T induced by BDNF
To explore the detailed response of JAK/STAT to BDNF, time response was checked in the RT4-D6P2T cells. One hundred pM BDNF was administered to treat the RSCs at different times, including 0 min, 10 min, 30 min, 60 min, 120 min and 24 hr. The phosphorylation levels of STAT3 at Tyr705 and STAT1 at Tyr701 began to increase 10 min after the treatment with BDNF and peaked at 30 min (*P<0.01). After reaching its peak, the pSTAT3/pSTAT1 returned to near baseline. Surprisingly, STAT3 and STAT1 regained phosphorylation at 2 hr post-treatment by BDNF and reached a second peak at 24 hr, which was even higher than the first one ( # P<0.01). The second round activation may relate to mechanisms other than the direct effect of BDNF ( Figure 2 ).
JAK/STAT activation in HSC induced by BDNF
Since HSCs share the same biological properties with RSCs, we repeated the experiment in HSCs. To observe the sustained time frame of the second activation of JAK/STAT pathway, another time point (72 hr) was added. Similar to RSCs RT4-D6P2T, the initial activation time for STAT3/ STAT1 was 10 min after the treatment of BDNF. However, in HSCs, STAT3/STAT1 phosphorylation was sustained for a relatively longer response period, and the phosphorylation level peaks appeared later, at 60 min. Two hours later, the pSTAT1 returned to near baseline, while pSTAT3 remained at higher than baseline level. Interestingly, STAT3/STAT1 phosphorylation also peaked again at 24-48 hr. The activation of STAT1 was totally quenched at 72 hr post-BDNF treatment, while pSTAT3 remained at a higher level than baseline (Figure 3) . At the same time, activation of JAK2 was also confirmed ( Figure 4A ). JAK2 was activated by BDNF treatment and consisted of two phosphorylation peaks, which was similar to the response of STAT3/STAT1. All those three major molecules in the JAK/STAT pathway, JAK2, STAT1 and STAT3, possessed the same phosphorylation pattern when treated by BDNF in HSCs-an early phosphorylation peak (P1) and a later phosphorylation peak (P2) ( Figure 4B ).
BDNF promotes cytokine release from Schwann cells with associated JAK/STAT pathway activation
In order to quantify the amount of cytokine release related to nerve regeneration, OSM-M and IL6 were selected for measurement by ELISA. In addition, JAK2, the upstream molecule in JAK/STAT pathway that is activated by OSM-M and IL6, was also assessed by the Western blotting, as shown above.
The baseline measurements of OSM-M and IL6 secretion were 14.4±1.4 and 2.93±0.15 pg/mL in Schwann cells, respectively. One hour after BDNF treatment, HSCs began to secrete OSM-M at levels reaching ~20±0.8 pg/mL at 24 hr ( Figure 4C) . Also, BDNF significantly increased the secretion of IL6 from HSCs after 1 hr of treatment and reached ~360.9±74 pg/mL at 72 hr (*P<0.01) ( Figure 4C ).
Discussion
Schwann cells play an important role in nerve regeneration.
In the first few days following nerve injury, Schwann cells undergo marked dedifferentiation, reaching peak activation at day 3. During this phase, they help clear debris along with macrophages. A second important phase involving Schwann cell proliferation occurs thereafter when they proliferate in the basement membrane of endoneurial tubes to aid in nerve regeneration. Schwann cells form bands of (19) . We previously determined that BDNF enhances the recovery of erectile function post-CN injury through neurite re-sprouting, and demonstrated its action through the activation of the JAK/STAT pathway. Stimulating Schwann cells to produce cytokines in regenerating the axonal nerve fibers is likely the principle neurotrophic effect of BDNF, rather than direct action on nerve fibers themselves. BDNF enhances myelination in Schwann cells and promotes neuronal survival and neurite outgrowth through its interaction with p75 and TrkB receptors (20) . In order to validate Schwann cells, we checked the specific cellular markers p75 and S100. Our results indicated that both HSCs and RSCs were abundant of the two cellular markers. HSCs generally displayed higher expression level of S100 and p75. S100 was mainly located in the peri- were presented as a ratio of phosphorylated form to total expressed forms. P1: phosphorylation early peak. P2: phosphorylation late peak.
The cell culture mediums from the above treatment were applied to assay the level of cytokines secreted from HSCs by ELISA; (C) 1 hr after the BDNF treatment, HSCs began to secrete OSM-M at levels reaching ~20±0.8 pg/mL at 24 hr ( nuclear region in RSCs, which corresponds to our previous observation whereby the unphosphorylated form of STAT3 was located in the cytoplasm, and later in the nucleus upon its activation (phosphorylation) following injury and release of BDNF (14) . It is also in line with the function of JAK/STAT pathway, being involved directly in the transduction signal molecules from the cellular membrane to the nucleus, thereby mediating central and peripheral nerve regeneration (21, 22) .
Transected peripheral nerves demonstrate elevated levels of JAK2, STAT1, and most importantly STAT3 (23) . BDNF activation of the JAK/STAT pathway involves the phosphorylation of these molecules (14) . In this article we demonstrate the ability of BDNF to increase the phosphorylated forms of STAT1 and STAT3 in RSCs but not in the neuroblastoma cell lines. This is a novel result that helps understand elucidate the indirect action of BDNF through Schwann cells; this was achieved using the100 pM (3 ng/mL) dose. We previously showed that the optimal BDNF dosage to promote MPG neurite growth was between 25 and 50 ng/mL (13) . We utilized a lower dose in this study for the purpose of working with cells rather than ganglia.
We confirm here the previous observation that JAK/ STAT activation occurs in a delayed fashion (around 24 hours later) (24) . After peaking initially for a brief period at 1 hour, the phosphorylated forms of STAT1/3 and JAK2 peaked again at 24 hours in rat and HSCs. This is likely the time needed by Schwann cells to produce cytokines and growth factors as a response to injury in order to facilitate nerve regeneration. This is evidenced by the gradual increase in cytokines release (OSM and IL6) by human Schwan cells in response to BDNF administration, which has particularly reached statistical significance in IL-6. In this article, although we showed the increase in OSM and IL6 in Schwan cells upon exposure to BDNF, we do not examine directly their effect on nerve regeneration. We only utilize them here as markers for the overall cytokine release from Schwann cells.
Although our previous work looked primarily at nerve injury post-RP, we believe that the work in this article applies to nerve regeneration in the peripheral nervous system as a whole. Therefore BDNF would represent an attractive treatment modality for both post-RP ED and other nerve injuries in addition to peripheral neuropathic disorders, such as diabetes mellitus. BDNF recently was found to enhance survival and neuronal differentiation of human neural precursor cells in rat models of auditory neuronal damage (25) . BDNF from bone marrow-derived cells promoted postinjury repair of sciatic nerve in mice (26) . Allografts of acellular sciatic nerve and BDNF were found to promote axonal regeneration and functional recovery after spinal cord injury in rats (27) . Continuous local release from sciatic nerve post-injury promotes a more rapid nerve regeneration and reduction of neuropathic pain in rats (28) .
Outside the nervous system, BDNF through Trk receptors was found to promote the growth of human embryonic stem cells and enhance clonal survival by 36 folds (29) . Our future directions would include examining other neurotrophic factors that would act in synergism with BDNF in post-RP ED and in other nerve injury models.
Conclusions
We demonstrated for the first time the indirect mechanism of BDNF enhancement of CN regeneration through the activation of JAK/STAT pathway in Schwann cells, rather than directly on nerve fibers. As a result, Schwann cells produce cytokines that promote CN regeneration.
